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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  MoV208  nanowires  with  diameter 
~  100  nm  were  synthesized  for  the 
first  time  using  cheap  facile  solution 
based  route. 

►  Electrochemical  studies  revealed 
that  the  nanowires  exhibited 
specific  capacitance  56  Fg  1  at  the 
scan  rate  of  5  mV  s-1. 

►  The  nanowires  can  be  used  for 
fabricating  energy  storage  devices 
like  supercapacitors. 
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We  report  the  synthesis  of  M0V2O8  nanowires  of  high  quality  using  spin  coating  followed  by  the  thermal 
annealing  process.  Transmission  electron  microscopy  (TEM)  reveals  the  average  diameter  of  synthesized 
nanowire  about  100  nm,  and  average  length  ranges  from  1  to  5  pm.  The  TEM  analysis  further  confirms 
the  <001  >  growth  direction  of  MoV208  nanowires.  The  electrochemical  properties  of  synthesized 
nanowires  using  cyclic  voltammetry  show  the  specific  capacitance  56  Fg-1  at  the  scan  rate  of  5  mV  s-1 
that  remains  24  Fg-1  at  100  mV  s-1.  The  electrochemical  measurements  suggest  that  the  MoV208 
nanowires  can  be  used  as  a  material  for  the  future  electrochemical  capacitors  (energy  storage  devices). 

©  2012  Published  by  Elsevier  B.V. 


1.  Introduction 

The  synthesis  and  characterization  of  one-dimensional  (ID) 
nanostructures  (nanowires,  nanotubes,  nanofibres  and  nanorods) 
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have  gained  significant  attention  due  to  their  novel  properties  and 
applications  [1  — 4].  The  ID  nanostructures  of  metal  oxides  with 
layered  structures  have  attracted  considerable  attention  due  to  their 
potential  applications  in  the  field  of  electronics,  actuators,  energy 
storage  devices  and  sensitizers  for  photolysis  of  water  [5-8]. 
Nanostructures  of  metal  vanadates  are  important  functional  mate¬ 
rials,  and  have  different  properties  depending  on  their  structures 
and  components.  Among  different  vanadates  [9,10]  molybdenum 
vanadate  (M0V2O8)  in  the  form  of  thin  film  and  bulk  powder  has 
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gained  considerable  interest  due  to  its  excellent  catalytic,  electrical, 
and  magnetic  properties  [11-13].  As  a  host  for  metal  ions  interca¬ 
lation,  M0V2O8  has  further  advantages  due  to  its  layered  structure 
which  enhances  its  ability  to  intercalate  ions  in  a  wide  range  of  sites 
[14].  It  is  well  known  that  shape,  size,  and  crystal  structure  of 
complex  metal  oxides  can  significantly  influence  the  energy  density, 
cycling  life,  and  performance  of  electrochemical  energy  devices 
[15-17]. 

In  the  present  work  we  synthesized  high-quality  single-crys¬ 
talline  M0V2O8  nanowires  by  spin  coating  the  solution  directly  on 
a  substrate  followed  by  thermal  decomposition  process  without 
dangerous  reagents,  harmful  solvents,  and  surfactants.  Our  results 
indicate  by  controlling  the  structural  morphology,  M0V2O8  showed 
excellent  electrochemical  performance  which  significantly 
enhanced  as  compared  to  the  bulk  which,  in  turn,  makes  them 
promising  candidates  for  the  fabrication  of  electrochemical  and 
photocatalytic  devices. 

2.  Experimental 

All  chemicals  used  in  this  experiment  which  include,  Ammo¬ 
nium  metavanadate  (NH4VO3)  molybdenum  water  and  hydro¬ 
chloric  acid  (HC1)  were  of  analytical  grade  and  purchased  from 
Sigma  Aldrich.  They  were  used  without  further  purification.  In 
a  typical  synthesis  of  M0V2O8  nanowires  ammonium  metavanadate 
(0.1  mmol)  was  dissolved  in  2  ml  of  molybdenum  water  (Mo- 
water)  with  continuous  stirring.  Concentrated  HC1  (1  ml)  was 
added  drop  wise  for  complete  dissolution  of  NH4VO3.  The  resultant 
yellow  solution  was  used  for  further  experimentation.  The 
precursor  solution  was  spin  coated  on  Si02  substrates  at  2000  rpm 
for  30  s  which  have  been  ultrasonically  cleaned  in  acetone,  alcohol 
and  IPA  prior  to  the  deposition.  The  spin  coated  substrates  were 
placed  into  the  oven  at  550  °C  for  2  h. 

Electrochemical  measurements  were  carried  out  using  three 
electrode  cell  assembly  consisting  of  the  glassy  carbon  as  working 
electrode,  Pt  wire  and  Ag/AgCl  (satd.  KC1)  electrodes  as  counter  and 
reference  electrodes  respectively,  as  described  in  our  previous 
report  [18]  by  using  1  M  kC  electrolyte  solution.  Briefly,  Galvano- 
static  charge-discharge  studies  were  performed  using  a  WonATech 
Potentiostat/galvanostatic  instrument  (WPG100  South  Korea).  For 
the  working  electrode  nanowires  were  dispersed  in  ethanol  and 
sonicated  for  30  min  to  achieve  good  dispersion.  From  this 
dispersion  100  pL  of  the  solution  was  deposited  on  a  glassy  carbon 
electrode  and  dried  at  90  °C.  In  the  final  step,  nation  solution  (5  pi) 
was  coated  on  the  electrode  as  a  binder  and  dried  at  room 
temperature. 

3.  Results  and  discussion 

3.1.  Structural  characterization 

The  FE-SEM  analysis  (JEOL  JSM  —  7401 F)  of  the  synthesized 
MoV208  nanowires  was  carried  out  and  the  results  are  presented  in 
the  Fig.  1(a).  The  results  show  that  the  nanowires  having  an  average 
diameter  of  100  nm  and  length  up  to  tens  of  micrometers.  X-ray 
diffraction  patterns  of  the  M0V2O8  and  V2O5  nanowires  at  different 
temperature  are  shown  in  Fig.  1(b).  M0V2O8  nanowires  synthesized 
at  500  °C  have  a  strong  reflection  of  orthorhombic  V2O5  and  the 
reflections  of  M0O3  are  marked  with  inverted  triangle  as  shown  in 
the  Fig.  1(b).  However,  XRD  pattern  of  the  sample  synthesized  at 
550  °C  consists  of  a  well-defined  diffraction  peak  of  orthorhombic 
MoV208  (JCPDS  card  74-0050).  The  oxidation  state  and  elemental 
composition  of  the  grown  nanowires  were  confirmed  by  XPS.  The 
XPS  spectra  of  the  MoV208  nanowires  in  the  vanadium  2p,  oxygen 
Is,  and  molybdenum  3d  regions  are  shown  in  Fig.  l(c  and  d).  The 


main  oxygen  peak  at  530.2  eV  was  expected  for  vanadium-oxygen 
(V— O)  bond.  The  shoulder  at  higher  energy  is  due  to  oxygen  bond 
with  the  surface  OH.  From  Fig.  1(c),  the  two  peaks  of  vanadium 
correspond  to  a  doublet  V2p3/2  (~  517.66  eV)  and  V2pl/2 
( ~  525.13  eV)  in  which  one  is  for  the  3/2  and  the  other  is  for  the  1  /2 
spin-orbit  split  components.  The  appearance  of  a  weak  band  at 
521.1  eV  is  attributed  to  the  X-ray  satellite  of  the  0(1  s)  core  level.  The 
comparison  of  the  experimental  data  with  those  reported  in  the 
literature  indicate  that  the  nanowires  grown  under  these  conditions 
are  composed  of  +5  oxidation  state  of  vanadium  [19-21].  Fig.  1(d) 
shows  the  characteristic  doublet  Mo3d5/2  at  233.15  eV  and  Mo3d3/ 
2  at  236.3  eV.  The  doublet  Mo  (3d)  line  is  separated  by  3.2  eV  and 
their  intensity  ratio  is  2:3.  The  Mo3d5/2  binding  energy  of  Mo,  M0O2 
and  M0O3  is  228.0,  229.4  and  232.6  eV  respectively  [22].  These 
results  clearly  provide  evidence  that  the  oxidation  state  of  M0V2O8 
is  +6  (Mo6+). 

The  nanowires  were  further  characterized  by  TEM  and  HR- 
TEM  analysis.  The  TEM  image  of  the  single  nanowire  is  shown 
in  Fig.  2(a).  The  selective  area  electron  diffraction  (SAED)  pattern 
in  Fig.  2(b)  confirms  the  single  crystalline  nature  of  nanowires. 
HR-TEM  image  of  a  nanowire  is  shown  in  Fig.  2(c)  in  which  the 
lattice  fringes  are  clearly  visible.  The  distance  between  the 
neighboring  fringes  was  found  to  be  4.1  A  which  is  consistent 
with  the  (201)  plane  of  orthorhombic  M0V2O8.  TEM  analysis 
indicates  that  the  growth  direction  of  nanowires  is  along  <001  >, 
resulting  in  an  angle  of  60°  between  the  zone  axes  and  nano¬ 
wires.  EDS  elemental  mapping  was  also  carried  out  to  investigate 
the  distribution  of  the  two  crystalline  materials  in  the  nanowires. 
The  elemental  mapping  of  V,  Mo,  and  O  from  a  nanowire  is  shown 
in  Fig.  2(d).  It  was  found  that  elements  are  homogeneously 
distributed  in  the  nanowires. 

3.2.  Electrochemical  measurements  of  nanowires 

The  electrochemical  measurements  were  conducted  in  1  M  KCl 
aqueous  solution  at  room  temperature.  The  rate  performance  of  the 
nanowires  was  determined  by  studying  the  cyclic  voltammograms 
(CV)  at  different  scanning  rates  as  shown  in  Fig.  3(a).  We  observe 
that  the  value  of  current  increases  slowly  with  increasing  scan  rate, 
showing  that  specific  capacitance  of  M0V2O8  nanowires  decreases 
from  56  to  24  Fg-1.  This  was  mainly  because  the  transfer  rate  of  ions 
becomes  slower  with  the  increase  of  scan  rate  due  to  increase  in 
the  resistance  of  ion  diffusion  which  becomes  significant  under 
relatively  high  scan  rate  due  to  the  differential  depletion  of 
the  electrolyte  concentration.  In  addition,  the  proportion  of  these 
inaccessible  of  the  surface  area  of  electrode  material  also  increased 
with  increasing  the  scan  rate,  therefore  a  monotonous  decrease  in 
the  transfer  rate  of  ions  is  observed  accordingly  [23,24]. 

We  further  compared  the  specific  capacitance  of  M0V2O8  based 
supercapacitor  with  already  published  V2O5  data  and  found  that 
that  the  capacitance  value  of  our  device  is  slightly  lower  than  those 
in  the  literature  [25,26].  However,  the  specific  capacitance  of 
MoV208  based  supercapacitor  can  be  further  enhanced  by  match¬ 
ing  the  pore  sizes  and  solvated  ion  sizes  of  electrolytes,  controlling 
the  density  of  M0V2O8  nanowires  [27—29].  The  variation  of  specific 
capacitance  with  increasing  scan  rates  for  nanowires  is  shown  in 
Fig.  3(b).  The  long-term  chemical  and  electrochemical  stability  of 
the  composite  was  examined  by  CV  at  a  scan  rate  of  20  mV  s-1  over 
100  cycles  and  the  corresponding  results  are  presented  in  Fig.  3(c). 
The  decay  capacity  was  found  only  10%  even  after  100  cycles 
indicating  the  excellent  stability  of  the  composite  material  in  the 
energy  storage  application.  We  further  confirmed  the  structural 
and  morphological  changes  of  the  nanowires  after  100  CV  cycling. 
TEM  results  presented  in  Fig.  3(d  and  e)  indicate  that  even  after  the 
100  cycles  at  20  mV  s-1,  the  high  crystallinity  is  still  maintained. 
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Fig.  1.  (a)  FE-SEM  of  nanowires  (b)  XRD  of  nanowires  at  different  temperature  (I)  XRD  of  V205)(II)  XRD  of  MoV208  at  500  °C,(III)  XRD  of  MoV208  at  550  °C,  ( v )  Mo03  and  (*)  Si 
substrate  (c)  XPS  of  vanadium  2p  and  oxygen  Is  (d)  XPS  of  molybdenum  3d  region. 


Following  the  previously  reported  approach  on  the  layered 
structure  of  Mo  based  oxides;  we  are  able  to  use  the  voltammetric 
sweep  rate  dependence  to  determine  the  charge  storage  mecha¬ 
nism  occurs  in  MoV208  nanowires  [30—32].  We  believe  that  charge 
storage  occurs  in  the  layered  structure  of  MoV208  through  the 
following  steps: 

3.2.1.  Step  1 

Reaction  of  cations  with  electroactive  material,  followed  by 
a  redox  reaction  [16].  The  solid  state  redox  reaction  involves  elec¬ 
trochemical  charge  transfer  coupled  with  the  insertion  of  mobile 
I<+  cations  from  an  electrolyte  into  the  layered  structure  of  MoV2Os. 


The  cations  are  faradaically  stored  in  the  layered  structure  and 
prohibit  the  phase  transition  (structural  rearrangement). 

3.2.2.  Step  2 

Electrochemical  adsorption  of  cations  on  the  electroactive 
material  through  a  charge  transfer  process.  The  electrons  involved 
in  the  non-faradaic  charging  process  are  the  itinerant  conduction 
band  electrons  of  the  MoV2Os  nanorods  electrode,  while  the  elec¬ 
trons  involved  in  the  faradaic  processes  are  transferred  to  or  from 
valence  electron  states  of  the  redox  cathode  or  anode  reagent.  The 
electrons  may,  however,  arrive  in  or  depart  from  the  conduction 
band  states  of  the  conducting  MoV2Os  depending  on  whether  the 
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Fig.  2.  (a)  Low  magnification  TEM  image  of  nanowires  (b)  corresponding  SAED  pattern  of  individual  nanowire  recorded  along  [010]  zone  axis  (c)  HR-TEM  of  nanowire  showing  high 
crystallinity  (d)  TEM  Element  mapping  showing  the  respective  concentrations  of  vanadium  (red  circles)  oxygen  (blue  circle)  and  molybdenum  (white  circles)  in  the  nanowire.  (For 
interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  3.  (a)  Cyclic  voltammetric  plots  of  MoV208  nanowires  electrode  at  different  scan  rates  (b)  specific  capacitances  of  MoV208  nanowires  electrode  calculated  from  CVs  against  the 
number  of  scans  (c)  cyclic  voltammetry  of  the  first  and  after  100  cycles  (scan  rate  was  20  mV  s-1)  (d  and  e)  TEM  and  HR-TEM  of  nanowires  after  electrochemical  reaction. 


Fermi  level  in  MoV208  lies  below  the  highest  occupied  state  of  the 
reductant  or  above  the  lowest  unoccupied  state  of  the  oxidant. 

3.2.3.  Step  3 

Intercalation  of  ions  into  the  van  der  Waals  gaps  of  the  layered 
structure  of  MoV208  [16].  The  cations  (cathodic  reduction)  and 
anions  (anodic  oxidation)  penetrate  into  the  van  der  Waals  gaps 
between  MoV208  nanowires  thus  increasing  the  interlayer  distance 
as  shown  in  Fig.  3(d).  The  intercalation  of  ions  can  increase  the 
charge  storage  of  the  MoV208  nanowires  based  supercapacitor 
without  compromising  charge/discharge  kinetics. 

Our  results  are  in  good  agreement  with  previous  studies  based 
on  Mo  based  layered  structure  materials  [30-32]  which  suggested 
that  pseudocapacitive  effects  is  the  main  constituent  to  efficiently 
store  charges  in  MoV2Os  nanowires. 

Galvanostatic  charge-discharge  measurements  at  different 
current  densities  were  also  carried  out  to  estimate  electrochemical 
properties  including  specific  capacitance,  energy,  and  power. 
Fig.  4(a)  show  the  charge-discharge  curves  of  nanowires  at  current 


density  of  1  mAcnrT2.  The  nanowires  electrodes  show  a  nonlinear 
charge— discharge  curve  (inset  of  Fig.  4(b)),  indicating  that  the 
nanowires  have  a  pseudocapacitive  behavior  with  a  specific 
capacitance  of  56  Fg-1.  Specific  capacitance  is  high  at  low  current 
densities,  mainly  due  to  the  low  ohmic  drop,  which  enables  full 
access  of  the  inner  active  sites  or  pores  of  the  electrode.  The 
decrease  in  capacitance  values  with  increasing  current  density  is 
mainly  because  of  effective  utilization  of  pseudocapacitive  material 
for  ion  insertion  is  limited  to  the  outer  surface  of  electrodes.  The 
electrochemical  performance  of  electrochemical  cells  was  further 
investigated  by  the  calculating  power  density  and  energy  density  of 
as-prepared  electrodes.  The  energy  density  versus  power  density  of 
nanowires  capacitors  was  plotted  on  a  Ragone  chart  as  shown  in 
Fig.  4(b)  after  measuring  at  various  charge/discharge  currents 
between  -1  and  1  V  [29].  The  energy  density  was  reduced  slowly 
with  increasing  power  density.  The  energy  density  was  17  Whkg”1 
at  a  power  density  of  425  W  kg-1,  and  still  remains  5  Whkg-1  at 
a  power  density  of  600  W  kg-1,  suggesting  that  MoV2Os  nanowires 
are  a  promising  electrode  material  for  supercapacitor  application. 


Fig.  4.  (a)  Galvanostatic  charge  discharge  curves  of  nanowires  at  1mA  cm  2  (b)  Ragone  chart  of  the  supercapacitor  obtained  from  discharge  curves  measured  at  different  constant 
current  densities,  the  inset  shows  the  zoom-in  of  galvanostatic  charge  discharge  curves  of  nanowires  at  1  mAcm-2. 
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Fig.  5.  (a)  AC  impedance  spectra  of  nanowires  (b)  Bode  plot  from  impedance  spectroscopic  analysis  showing  the  specific  capacitance  as  a  function  of  frequency. 


The  electrochemical  properties  of  the  MoV208  nanowires  elec¬ 
trode  were  also  studied  by  electrochemical  impedance  spectros¬ 
copy  (EIS)  as  shown  in  Fig.  5(a).  The  EIS  results  confirm  the 
excellent  electrochemical  capacitive  properties  of  the  as  synthe¬ 
sized  M0V2O8  nanowire  electrode.  We  further  transformed  the 
experimental  impedance  data  to  specific  capacitance  and  the 
results  are  presented  in  Fig.  5(b).  The  specific  capacitance  of 
nanowires  considerably  decreases  with  increasing  the  frequency 
and  these  results  are  consistent  with  decreasing  trend  with 
increasing  scan  rate  in  CV  results  [29]. 

4.  Conclusion 

In  summary,  we  have  synthesized  M0V2O8  nanowires  by  spin 
coated  chemical  solution  deposition  method  and  their  electro¬ 
chemical  properties  were  investigated.  CV  analysis  revealed  the 
pseudocapacitive  behavior  of  the  nanowires  which  was  attributed 
to  physisorption  of  the  electrolyte  ions  on  the  surface  of  the 
M0V2O8  nanorods.  The  cyclic  voltammetric  analysis  for  super¬ 
capacitor  shows  that  grown  nanowires  exhibit  excellent  cyclability 
with  a  specific  capacitance  of  56  Fg-1  at  the  scan  rate  of  5  mV  s-1 
and  remains  24  Fg  1  at  100  mV  s-1.  We  believe  that  the  concepts 
presented  in  this  study  will  provide  a  general  route  for  designing 
nanostructured  charge  storage  application. 
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